We perform finite difference time domain simulations of two-dimensional clusters of metal nanoparticles with incident planewave irradiation. An iterative optimization algorithm is used to determine the configuration of the nanoparticles that gives the maximum electric field intensity at the center of the cluster. The optimum configurations of these clusters have mirror symmetry about the axis of planewave propagation, but are otherwise nonsymmetric and nonintuitive. The maximum field intensity is found to increase monotonically with the number of nanoparticles in the cluster, producing intensities that are five times larger than linear chains of nanoparticles and 2500 times larger than the incident electromagnetic field.
We perform finite difference time domain simulations of two-dimensional clusters of metal nanoparticles with incident planewave irradiation. An iterative optimization algorithm is used to determine the configuration of the nanoparticles that gives the maximum electric field intensity at the center of the cluster. The optimum configurations of these clusters have mirror symmetry about the axis of planewave propagation, but are otherwise nonsymmetric and nonintuitive. The maximum field intensity is found to increase monotonically with the number of nanoparticles in the cluster, producing intensities that are five times larger than linear chains of nanoparticles and 2500 times larger than the incident electromagnetic field. 10 found that the plasmon resonant frequency of nanoparticle dimers depends strongly on nanoparticle separation. A similar work was carried out both through simulations and experiments by Su et al. 11 confirming these findings. Adaptive algorithms have been used by Gheorma et al. 12 and Seliger et al. 13 to optimize nanoscale dielectric structures to achieve preferential angular scattering profiles. The optimum design showed nonsymmetric solutions that could not have been derived by straightforward human logic. An experimental realization of these geometries confirmed the results predicted by these algorithms. 13 In the work presented here, we simulate the electric field response of metal nanoparticle clusters with incident plane wave irradiation. It should be noted that the two-dimensional ͑2D͒ nature of the simulations imply that these nanoparticles are clusters of infinitely long cylinders rather than spheres. We implement optimization of plasmonic materials considering the 2N-dimensional parameter space ͑N is the number of nanoparticles͒, including nonintuitive configurations. We solve Maxwell's equations numerically by discretizing the spatial and temporal dimensions of the electromagnetic fields using the finite difference time domain ͑FDTD͒ method.
14 A 2D spatial grid of 300 000 points is used to represent the computational cell. The grid spacing used for our simulations is 1 nm. To justify the grid spacing used for the simulations, the minimum allowed separation between any two nanoparticles is 2 nm. The diameter of the nanoparticles used in simulations is 20 nm. For boundary conditions, we have implemented perfectly matched layers with the number of layers being ten. The dielectric function used is based on a fit of the experimental data obtained by Johnson and Christy 15 to a Lorentz-Drude formula. The temporal grid consists of 10 000 time steps with a spacing of 0.002 fs. We have used a gradient-based algorithm to optimize the electric field at the center of the nanoparticle cluster with respect to all the nanoparticle positions. Downhill movements are allowed in order to avoid local maxima. Figure 1 shows a flowchart illustrating the algorithm used, which is as follows:
1. Run a FDTD simulation with a broad pulse to determine the resonance frequency of the initial nanoparticle configuration. Initialize all parameters, including number of nanoparticles, nanoparticle positions, frequency and bandwidth of incident radiation, and step size. 2. Calculate electric field intensity gradients with respect to nanoparticle positions in the x and y directions. 3. Move each nanoparticle in the direction of the electric field intensity gradient with respect to its position and with a step size proportional to the distance of the nearest nanoparticle, provided there is no overlap with other nanoparticles. 4. Determine the resonant wavelength of the new nanoparticle configuration and run a full FDTD simulation of the electric fields over the entire simulation grid. 5. Compare the electric field intensity at the center of the nanoparticle cluster with that of the highest previous value ͑I max ͒.
a. If this new value exceeds the previous highest value, then the configuration is saved as the new optimum configuration. b.
If the electric field intensity is found to be lower than the previous highest value, increase the downhill movement counter j by 1 and proceed to the next iteration. 6. When the maximum field intensity stops changing by more than 1%, the iterative process is stopped, and the highest electric field intensity and corresponding nanoparticle configuration are output. Figure 2͑a͒ shows an electric field intensity map for the case of three nanoparticles. Here, the two nanoparticles centered about ͑0,0͒ are fixed in position, with a separation of 2 nm. The electric field intensity is calculated at the point of interest ͑shown by "X"͒ as a function of the positions of the third nanoparticle. This figure shows that a maximum intensity can be achieved by placing the third nanoparticle at the top or the bottom of the fixed dimer. Figure 2͑b͒ shows the stepwise results of the optimization algorithm applied to this third nanoparticle. It can be seen from these figures that the algorithm moves the nanoparticle from its initial position ͑shown in green͒ to the optimum position ͑shown in red͒, as predicted by the intensity map. This optimization was found to reach the convergence criterion after five iterations. Figures 2͑c͒ and 2͑d͒ show the electric field intensity and the resonant wavelengths obtained after each iteration. The electric field intensity is found to increase monotonically with the number of iterations. The resonant wavelength of the cluster also changes slightly during the iterative process but only by 1%-2%. Such a change in the resonant wavelength has been well documented previously in the literature. 10 Using this approach, we add nanoparticles to this cluster, one by one, and optimize the positions of the nanoparticles. The optimized geometric configurations of clusters with 3-20 nanoparticles are shown in the online supporting document.
16 Figure 3 shows the trend in optimum electric field intensity as a function of the number of nanoparticles together with the electric field intensities of linear chains of nanoparticles with 2 nm separation. A monotonic increase is found in the optimum intensity with increasing number of nanoparticles, whereas the highly symmetric linear chains show a drop in the intensity above four nanoparticles. This is consistent with the previous results in the literature. 17 The electric field intensities of these optimized configurations show a factor of 2000 enhancement over the incident electromagnetic field in the case of ten nanoparticles and a factor of 2500 enhancement in the case of 20 nanoparticles. There are several subtleties that facilitate the practical implementation of this iterative algorithm. The allowance of downhill movements in the optimization routine is necessary to avoid local optima. It is also important to choose the correct step size in the algorithm, in order to achieve convergence. Lastly, we maintain a taboo list of nanoparticle configurations in order to avoid computing the same configuration twice.
The optimum geometric configurations for clusters of 10 and 20 nanoparticles are plotted in Figs. 4͑a͒ and 4͑b͒ , together with the resulting electric field intensity. In the figures, the "X" symbol indicates the point of optimum electric field intensity. The direction of planewave propagation in both plots is from left to right. These geometries exhibit mirror symmetry about the x-axis. However, their overall configuration is still largely nonsymmetric and nonintuitive. We would like to emphasize that these complex geometries are obtained independent of the initial positions of the nanoparticles, before optimization.
The FDTD calculations performed in this work are 2D. As such, they represent infinitely long cylindrical rods rather than spherical nanoparticles. In order to treat spherical nanoparticles, three-dimensional ͑3D͒ simulations must be carried out, which requires significantly more computational resources. In 2D, moving each nanoparticle requires roughly 5 min of computation time. However, in 3D, parallel processors are required, and computation times are on the order of hours rather than minutes for each computational iteration. The biggest problem of implementing these simulations, in 3D, is this additional computational cost.
In conclusion, we have implemented an iterative optimization algorithm to determine the geometric configurations of metal nanoparticle clusters that produce the strongest electric field intensity from an incident electromagnetic plane wave. The optimum configurations of these clusters are found to have mirror symmetry about the axis of planewave propagation, but are otherwise nonsymmetric and nonintuitive. The optimized electric field intensity increases monotonically with the number nanoparticles in the cluster. The electric field intensity enhancement for 20 nanoparticles is 2500 times larger than the incident electromagnetic field. This enhancement is significantly higher than a linear chain of nanoparticles or the centermost dimer alone. If these optimized nanoparticle configurations can be achieved experimentally, this method could enable new devices based on near-field and nonlinear effects. 
